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One of the main tasks in the investigation of 2-dimensional transition metal dichalcogenides is
the determination of valley lifetimes. In this work, we combine time-resolved Kerr rotation with
electrical transport measurements to explore the gate-dependent valley lifetimes of free conduction
band electrons of monolayer WSe2. When tuning the Fermi energy into the conduction band we
observe a strong decrease of the respective valley lifetimes which is consistent with both spin-
orbit and electron-phonon scattering. We explain the formation of a valley polarization by the
scattering of optically excited valley polarized bright trions into dark states by intervalley scattering.
Furthermore, we show that the conventional time-resolved Kerr rotation measurement scheme has
to be modified to account for photo-induced gate screening effects. Disregarding this adaptation can
lead to erroneous conclusions drawn from gate-dependent optical measurements and can completely
mask the true gate-dependent valley dynamics.
I. FORMATION OF A VALLEY
POLARIZATION
Monolayers of transition metal dichalcogenides have
direct band gaps and exhibit spin-polarized valleys which
allow to create valley polarized excitons by circularly po-
larized light.1,2 This excitation process relies on valley-
dependent optical selection rules, which is illustrated in
Fig. 1a for monolayer WSe2. Here, a σ
+ photon creates
an electron-hole pair at the K-valley by promoting an
electron from the valence band into the upper conduc-
tion band. As the Fermi level is tuned into the conduc-
tion band, the electron-hole pair can easily bind an extra
electron with opposite electron spin from the lower con-
duction band to form a trion.3,4 While the formation of
the trions results in an imbalance of the electron occu-
pation of the conduction band between the K- and K’
valley, it will directly be lost if the trion recombines by
a direct optical transition. A net valley polarization of
free conduction band carriers after recombination of the
photoexcited electron and holes states can, however, be
created if for example one of the electrons scatter into
the other valley. As illustrated in Fig. 1b, the photo-
excited electron can easily scatter from the upper con-
duction band at the K-valley into the lower conduction
band at the K’-valley which exhibit the same spin ori-
entation. This process creates a dark trion state.2,5 The
direct recombination of the electron in the K’-valley with
the hole in the K-valley is momentum-forbidden and re-
quires an interaction with a phonon. We note that this
recombination does not yield a valley polarization as the
other electron at the K-valley goes back into the Fermi
see as a free electron after recombination. In contrast, a
net valley polarization can be created if the latter elec-
tron recombines with the a hole in the same K-valley
(see Fig. 1c).6 The previously photo-excited electron will
therefore become a free charge carrier in the K’-valley.
The spin-flip recombination in the K-valley reduces the
number of electrons in the K-valley while the number
of electrons in the K’-valley gets increased by the same
amount. We note that the number of spin-flip events
is limited by the initial number of free electrons in the
K-valley. When tuning the Fermi energy into the con-
duction band, the valley polarization is thus expected
to increase with the number of free charge carriers. As
the Kerr rotation angle is a direct measure of the valley
polarization, it is straightforward to demonstrate that a
valley polarization of free carriers is indeed created by
the above scattering process.
II. VALLEY LIFETIMES OF FREE
CONDUCTION BAND ELECTRONS
In order to measure the valley lifetime τCBV of free con-
duction band electrons (see Fig. 1d), we combine time-
resolved Kerr rotation (TRKR) and electrical transport
measurements on monolayer WSe2 which is encapsulated
by hexagonal boron nitride (hBN) and electrically con-
tacted by graphite electrodes. The device can be tuned
into the conduction band by electrostatic gating as seen
by the gate-voltage dependent increase of the current
(Fig. 2a). Time-resolved Kerr rotation traces has been
recorded for photon energies resonantly exciting trion
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Figure 1. (a) Schematic illustration of a trion state after optical excitation by a circularly polarized laser pulse in monolayer
WSe2 where the Fermi energy EF is tuned into the conduction band. (b) Intervalley scattering of the photoexcited electron
into the lower conduction band of the K’-valley forming a dark trion state. (c) Spin-flip recombination of the dark trion which
reduces the number of electrons in the K-valley while the number of electrons in the K’-valley gets increases by the same
amount. (d) Net valley polarization which is formed after the recombination of all electron-hole pairs. The conduction band
valley lifetime τCBV can be measured by time-resolved Kerr rotation.
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Figure 2. (a) Gate dependent electrical transport measurement taken on a monolayer of WSe2 at 40 K. Above the conduction
band edge, the current increases with gate voltage, i.e. charge carrier density. (b) Gate dependent Kerr rotation amplitude
which is a measure of the valley polarization of free conduction band electrons. (c) Gate dependent valley lifetime of free
conduction band electrons.
states.7,8 In Figs. 2b,c, we show the gate-dependent Kerr
rotation amplitudes and the respective lifetimes at 40 K.
When entering the conduction band at around +10 V
gate voltage there is a linear increase in the Kerr ro-
tation amplitude. This behavior is consistent with the
above decay process of dark trions, which results in a
net valley polarization after a full recombination of all
optically excited excitons. The saturation and decrease
of the Kerr rotation amplitude towards very high gate
voltages can be explained by the filling of both the up-
per, spin-inverted conduction bands at the K-valleys and
the spin-degenerated bands at the Q-valleys (Λ-valleys),
which will reduce the overall net valley polarization.2 The
corresponding valley lifetimes are largest near the bottom
of the conduction band and strongly decreases with in-
creasing gate voltage, i.e. charge carrier densities. Such
a decrease is expected from both spin-orbit and electron-
phonon scattering mechanisms.9,10
III. MODIFICATION OF TIME-RESOLVED
KERR ROTATION MEASUREMENT
TECHNIQUE TO ACCOUNT FOR
PHOTO-INDUCED GATE SCREENING
EFFECTS
In this section we discuss that the time-resolved Kerr
rotation measurement scheme has to be modified as soon
as optical measurements such as photoluminescence (PL)
or magneto-optical probing show hysteresis effects dur-
ing electrostatic gating. The hysteresis can result from a
screening effect of the gate electric field by photo-excited
charged defects in the dielectric layer.11–14 We demon-
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Figure 3. (a) Schematic of the conventional TRKR measurement technique in which the time delay between the pump and
probe laser pulse is step by step increased from ∆t = 0 ns to 12 ns before the next TRKR trace is measured for the next gate
voltage (see numbering of data points). As the photo-induced screening of the gate-electric field varies on laboratory time scales,
subsequent data point which are nominally measured at the same gate-voltage are in fact recorded at different charge carrier
densities. (b) Schematic of the modified TRKR measuring technique in which a full gate-sweep is done for each time delay (see
numbering of data points). (c) Because the time delays in this modified technique are distributed randomly, a change in device
properties over laboratory time manifests itself in an apparent ”noise” signal seen when comparing different gate voltages.
(d) to (f) Comparison between the conventional and the modified measurement technique. The two gate-dependent TRKR
measurements were done right after each other but yield significantly different amplitudes, lifetimes and overall gate-dependent
trends.
strate that disregarding the adaptation of the measure-
ment scheme can lead to erroneous conclusions drawn
from gate-dependent measurements and can completely
mask the true gate-dependent valley dynamics.
First, we discuss the ”conventional” measurement
technique in which the gate-voltage is set to a fixed value
and then the full TRKR curve is measured by varying the
time delay ∆t between pump and probe pulses over labo-
ratory time. This is depicted in the schematic of Fig. 3a.
For the sake of simplicity we assume that for each TRKR
curve the Kerr rotation amplitude ΘK is measured at ten
successive time delays before repeating the measurement
for the next gate voltage. Here, data point #1 is mea-
sured right after setting the gate voltage, whereas the
data point #10 may be recorded minutes later (this is
the measurement time of a real TRKR curve consisting
of up to several hundreds of data points).
With this measurement technique, once the gate-
voltage is set to a certain value, the photo-induced screen-
ing of the gate-electric field will start to a change the
gate-induced charge carrier densities over time.14 Al-
though all data points within a Kerr rotation curve are
therefore measured at a nominal identical gate voltage,
each single point is effectively measured at a different
Fermi level position.
To avoid this problem, our adapted measurement tech-
nique swaps the sequence in which the two parameters of
gate voltage and delay time are set: First, a fixed time
delay is set and then the Kerr rotation signal is measured
for a full gate voltage sweep (see numbering of data points
in Fig. 3b). To achieve the maximum comparability be-
tween different measurements, the same gate sweep direc-
tion and velocity should be used for all TRKR, PL, and
transport measurements.14 This ensures that the photo-
doping effect impacts all measurements in the same way.
With this modified measurement technique, each data
point of a TRKR curve has the same ”history”, i.e., the
temporal course of both setting and staying at previous
gate voltages is exactly the same and each data point is
measured exactly after the same amount of time after set-
ting the corresponding gate voltage. Assuming that the
impact of the photo-induced screening is reproducible,
all data points of a specific TRKR curve are therefore
measured at the same charge carrier density.
4A further important aspect of the modified Kerr mea-
surement technique is a randomized sequence of the
measured time delays (see numbering of data points in
Fig. 3b). This randomization is important to identify
changes in device properties on laboratory time-scales,
which are especially present within the first few hours
after the cool-down of a device. These temporal changes
are most likely due to a degassing of adsorbed molecules
on top of the device under laser illumination.15
Within the ”conventional” measurement scheme, such
a temporal change in device properties over laboratory
time may be seen as an exponentially decaying signal in a
TRKR measurement and therefore can lead to a misinter-
pretation of the measurement. Instead, in the modified
measurement technique the change over laboratory time
is randomly distributed over all measured delay times.
Therefore, such a change in device properties can easily
be identified as an apparent ”noise” signal in delay scans
at different gate voltages.
This is shown in Fig. 3c which depicts TRKR curves at
different gate voltages measured right after cooling down
the device. For better visibility, the TRKR curves are
vertically shifted to each other. The apparent noise in
these curves is almost identical, showing that in fact the
device slowly changed over time. The change in Kerr
rotation amplitude due to the photo-induced effects is
therefore much more pronounced than the actual noise.
It should be noted that within the randomized se-
quence of time delays, the first two measurements were
done at around 1.6 ns and 2.4 ns. Therefore, at these
two time delays peaks occur in the TRKR curves as the
time-dependent change in device properties is most pro-
nounced at the start of a measurement. It is good prac-
tice to discard such measurements and to wait until the
device response has settled to such an extent that there
is a truly random noise between different traces.
In Figs. 3d to 3f the two measurement techniques are
compared. The two depicted sets of gate-dependent
TRKR measurements were performed right after each
other but yield significantly different amplitudes, life-
times and overall gate-dependent trends. In case of the
conventional method, the first TRKR curve was mea-
sured at a gate voltage close to 80 V and then the voltage
was continuously decreased to 20 V. Therefore, the Kerr
rotation amplitude almost decays exponentially in the
direction of the gate sweep (see Fig. 3d). This clearly in-
dicates the exponentially decaying change in device prop-
erties caused by the photo-induced effects. In contrast,
with the modified measurement technique a linear in-
crease in polarization with increasing gate voltage can
be observed (see green line in Fig. 3e) which we could
recently assign to a valley polarization of free charge
carriers.16
Not only the gate-dependent Kerr rotation amplitudes
but also the extracted lifetimes are significantly differ-
ent between both measurement techniques as depicted
in Fig. 3f. The apparent lifetimes in case of the conven-
tional technique are much shorter than the ones obtained
by the modified technique. This is due to the fact that
for the conventional technique the exponentially decreas-
ing change in device properties over laboratory time is
projected onto the sweep velocity of the delay-time: A
slow measurement of a time-delay trace would project
the largest change in device properties into the first few
measured time delays, resulting in an apparent Kerr sig-
nal with short lifetime. On the other hand, if the time-
delay trace is measured quickly the same change in de-
vice properties would be distributed over a larger span
of measured time-delays, therefore yielding an apparent
Kerr signal with a longer lifetime.
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